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ABSTRACT 
Dowel bars are a useful tool for transferring loads from one concrete slab to another 
across joints. Dowels have usefulness in highway slab and building slab applications. While 
dowels are used to increase load transfer capabilities across joints, they also introduce new 
problems, including stress concentrations and corrosion. 
Most dowel bars have circular cross sections. The regions of stress concentration for 
circular dowels are at the top and bottom of the cross section. Therefore, the sides of the 
dowel give little aid in providing bearing against dowel loading. Circular steel dowels have 
performed well in handling stress concentrations. However, alternative materials and shapes 
may perform better. 
Much research has been conducted at Iowa State University and nationally concerning 
the performance of dowels with various parameters. Parameters include dowel material, 
dowel shape, joint width, and dowel spacing and have been used to evaluate bearing stress 
performance. Laboratory testing, field testing, and finite element analysis have all been 
performed to study these parameters. 
Altogether, ten types of dowels were tested. The six highway dowels studied were 
adequate to transfer load. Cost and environment are criteria that should be considered when 
choosing among these six dowel types. 
All four of the building slab dowel types studied were able to transfer a load of at least 
3000 pounds between adjacent slabs without a factor of safety (an appropriate factor of safety 
should be applied as deemed necessary by a jurisdictional authority). Slab thickness, dowel 
spacing, and dowel cost should all be considered when selecting among these four dowel 
types. 
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1. INTRODUCTION 
1.1 Background 
Dowel bars are a useful tool for transferring loads from one concrete slab to another 
across joints. Dowels have usefulness in highway slab and building slab applications. While 
dowels are used to increase load transfer capabilities across joints, they also introduce new 
problems. 
Repeated loading of a dowel across a j oint leads to oblonging within the concrete that 
contacts the dowel. The oblonging is a result of stress concentrations and creates void spaces 
around the dowel. The repetitive loading over time leads to the concrete surrounding the 
dowel to crush and void spaces to become bigger. The voids reduce the ability of the dowels 
to effectively transfer loads. 
Steel is the most commonly used dowel material for transferring loads between concrete 
slabs. Steel's susceptibility to corrode even when epoxy coated can lead to many joint 
problems. Corrosion can bind joints and, thus, not allow for thermal expansion. Corrosion 
deteriorates the dowel over time and reduces the dowel's effectiveness. Concrete cracking 
can occur as a result of the binding of joints and deterioration of the dowels, which can lead 
no load transfer across a joint. When load ceases to be transferred across joints the load is 
transferred to the subgrade. When load is not transferred, adjacent slabs settle independent of 
each other creating unwanted vertical discontinuities at the joints. 
Most dowel bars have circular cross sections. The regions of stress concentration for 
circular dowels are at the top and bottom of the cross section. Therefore, the sides of the 
dowel give little aid in providing bearing against dowel loading. Circular steel dowels have 
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performed well in handling stress concentrations. However, alternative materials and shapes 
may perform better. 
Much research has been conducted at Iowa State University (1-21) and nationally (22-26, 
34-3~ (see Section 1.4 for more details) about the performance of dowels with various 
parameters. Parameters include dowel material, dowel shape, joint width, and dowel spacing 
and have been used to evaluate bearing stress performance (15-20). Laboratory testing, field 
testing, and finite element analysis have all been performed to study these parameters. 
An emphasis of much of the research has been evaluating fiber reinforced polymer (FRP) 
as anon-corrosive alternative to steel. Other FRP dowel bar research is being and has been 
conducted in Illinois, Ohio, Minnesota, and Wisconsin (2~. Research in Iowa and Ohio has 
suggested that corrosion deterioration comparisons between FRP and steel dowels used in 
highway applications require longer-term evaluation. Research from all these states have 
shown that steel provides better load transfer efficiency than FRP for similar size round 
dowels. Studies of the performance of larger size FRP dowels and smaller spacing to 
improve load transfer efficiency are therefore needed. Studies conducted at Iowa State 
University (ISU) as well as in Illinois have recommended the evaluation of elliptically- 
shaped dowels (both FRP and steel) to improve load transfer efficiency. 
1.2 Objective 
The objective of this study was to investigate the effects of different dowel shapes and 
materials on the dowel behavior for concrete pavement and building slabs. The focus was on 
dowels researched for two independent projects. One project centered on dowels for 
highway use sponsored by the United States Department of Transportation, while the other 
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focused on industry dowels used for building slabs. The combination of these two projects 
provides a good set of parameters to study although the highway dowels and building slab 
dowels should not be directly compared to each other since their sizes and applications are 
different. 
The Modified AASHTO T253 method (and variations of the method) for determining the 
modulus of dowel support was the main method of testing the dowels. The test method was 
used to determine the following: 
1. Modulus of dowel support 
2. Effects of joint width 
3. Effects of dowel shape 
4. Effects of dowel material 
5. Effects of dowel flexural rigidity 
6. Dowel deflections 
7. Bearing stresses 
A select portion of the testing included the use of strain gages to determine dowel 
behavior (e.g. bending moment and deflection behavior) along the length of the dowel. 
Ultimately, a comparison and evaluation of the bearing stresses of the dowels on concrete 
was performed and the adequacy of dowel bars was determined. The focus of this work was 
to investigate the dowel-to-concrete interface behavior and the associated shear, deflection 
and bending moments of the dowel transfer modeling per se, neglecting the effects of soil 
support. 
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1.3 Scope 
The scope of this study includes the testing and analysis of the following: 
• Ten dowel types 
o Six highway dowel types 
o Four building slab dowel types 
• Twenty-eight test configurations 
o Ten dowel types 
o Three j oint widths 
o Use of dowel sleeves 
• Eighty-four total specimens 
• Concrete compressive strength tests 
• FRP loss on ignition tests 
1.4 Literature Review 
The literature review included theses, research reports, journal articles, proceedings, and 
assessments about dowel bar theory and performance. These references included a variety of 
topics. Different dowel materials were evaluated, including steel (2, 9-11,15,17), 
~bercomposites (1-9,11,16,19, 20, 25), and aluminum and copper (9,11). Testing has 
involved laboratory evaluation (8, 9,11,15,19-21), field evaluation (9-11,16,17,19), and finite 
element analysis (8-11). Much of the laboratory testing has utilized the AASHTO T253 
method (27) and some modifications to the test have been recommended (1 S) and utilized 
(20). 
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There has been extensive research on parameters such as dowel spacing (8,10,11,15-17, 
19) but not as much research on joint width. There has been a theoretical evaluation (14) of 
joint width and recommendations for more research into the effects of joint width (13). 
Some of the past research conducted at ISU has involved analysis of the theory used (14,18) 
and development of more complex theory (18). 
Other studies have conducted an assessment of dowel research (12,13,2 to determine 
the overlaps and gaps in knowledge. A significant amount of reference documents were 
found relating to the dowel-to-concrete interface theory and the modulus of dowel support 
(28-33). This background will be discussed later in Chapters 3 and 4. In addition, other 
studies have been conducted (34-3~. Much of the research at ISU has had an emphasis on 
alternatives to round steel dowels and has been presented at national conventions (22-24). 
More recently, elliptically-shaped dowels have been researched (15-17,19, 20) and more 
evaluation is needed. The modified AASHTO method of evaluation for plate dowels in 
building slabs are a new topic of research at ISU (21). 
Additional discussion of references can be found throughout this study. A list of 
references can be found at the end of this study. 
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2. TESTING 
2.1 Test Matrices 
Ten different dowels were tested in 28 different configurations. Six of the dowels were 
designed for use in highway construction to transfer load across transverse joints. These six 
dowels are referred to as highway dowels in this study. The other four dowels tested are used 
primarily in construction joints in building floor slabs. These four dowels are referred to as 
building slab dowels in this study. 
2.1.1 Highway Dowels 
Table 2.1 shows the test matrix for the highway dowels. The six dowels are tested for 
three different joint widths for a total of 18 configurations. Each configuration has three 
specimens for a total of 54 specimens. 
The main differences among the six highway dowels are shape and material. Three 
dowels have circular cross sections and three have elliptical cross sections. Three of the 
dowels are epoxy-coated steel, one dowel is stainless steel, and two dowels are glass fiber 
reinforced polymer (GFRP). 
2.1.2 Building Slab Dowels 
Table 2.2 shows the test matrix for the building slab dowels. The four dowels are tested 
with and without a dowel sleeve and one dowel type was tested for two different size 
specimens-6 inches and 12 inches in depth (i.e. slab thickness)—for a total often 
configurations. Each configuration has three specimens for a total of 30 specimens. 
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Table 2.1. Highway dowel test matrix 
Dowel Material 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Steel (epoxy-coated) 
Stainless Steel 
Stainless Steel 
Stainless Steel 
GFRP 
GFRP 
GFRP 
GFRP 
GFRP 
GFRP 
Dowel Shape 
Circular 
Circular 
Circular 
Elliptical 
Elliptical 
Elliptical 
Elliptical 
Elliptical 
Elliptical 
Circular 
Circular 
Circular 
Circular 
Circular 
Circular 
Elliptical 
Elliptical 
Elliptical 
Dowel Size, in. 
1.5 
1.5 
1.5 
2.00 x 1.375 
2.00 x 1.375 
2.00 x 1.375 
1.66 x 1.13 
1.66 x 1.13 
1.66 x 1.13 
1.5 
1.5 
1.5 
1.875 
1.875 
1.875 
2.25 x 1.25 
2.25 x 1.25 
2.25 x 1.25 
Gap Width, in. 
0 
1/8 
1/2 
0 
1/8 
1/2 
0 
1/8 
1/2 
0 
1/8 
1/2 
0 
1/8 
1/2 
0 
1/8 
1/2 
Quantity
3* 
3 
3* 
3 
3 
3* 
3* 
3 
3* 
3 
3* 
3 
3 
3* 
3 
3* 
3* 
3 
*Indicates one specimen in test series of three specimens has strain gages 
Note: The dimension for circular dowels is diameter and the dimensions for elliptical dowels 
are strong axis diameter (width) x weak axis diameter (height) 
Table 2.2. Building slab dowel test matrix 
Dowel Type 
Square Plate 
Diamond Plate 
Rectangular Plate 
Round Bar 
Round Bar 
Square Plate w/sleeve 
Diamond Plate w/sleeve 
Rectangle Plate w/sleeve 
Round Bar w/sleeve 
Round Bar w/sleeve 
Dowel Specimen 
Dimensions, in. 
4 1/ 2 X 4 1/ 2 X 1/ 
4 1/ 2 X 4 1/ 2 X 1/ 
12x2x 3/8
14 x 3/ 
14 x 3/ 
4 1/ 2 x 4 1/ 2 x 1/ 
4 1/ 2 X 4 1/ 2 X 1/ 
12x2x 3/8
14 x 3/ 
14 x 3/ 
Cross Section, in. 
4 1/ 2 x 1/ 
6.36 x 1/ 
2 X 3/8
3/ diameter 
3/ diameter 
41/2 x 1/ 
6.3 6 x 1/ 
2x 3/8
3/ diameter 
3/ diameter 
Depth, in. 
6 
6 
6 
6 
12 
6 
6 
6 
6 
12 
Quantity
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
All four dowels are steel. Each dowel is a different shape. Figure 2.1 shows the four 
shapes which are (from left to right) rectangle, square, diamond, and round. The dashed lines 
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show the position of the joint. The dowels can be used with or without a sleeve. The dowel 
sleeve is used in practice where a joint needs to expand or contract and dowels are still 
needed to provide load transfer. A sleeve is added to one half of a dowel to allow the dowel 
to move within one of the slabs while remaining fixed in the other slab. 
Figure 2.1. Building slab dowel shapes 
2.2 Test Descriptions 
2.2.1 Modified AASHTO T253 
The American Association of State Highway and Transportation Officials (AASHTO) 
developed a test (Figure 2.2) to measure a dowel's ability to limit joint deflection (2 ~. 
Figure 2.2. AASHTO T253 
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Researchers have made several modifications to the AASHTO T253 over the years. The 
Modified AASHTO T253 (IS) was developed and is currently in use at Iowa State University 
as shown in Figure 2.3. The biggest difference is the load application. Porter and others (3) 
recommend two point loads on the center block instead of one uniform load across the center 
block. This loading reduces the flexural behavior of the center block and provides a more 
pure shear load transfer across the joints. The Modified AASHTO T253 specimens have 12- 
inch long end blocks and a 21-inch long center block with 12-inch height and 12-inch width. 
Shear Load 
Clamping Forces 
Variable Joint 
Width (Gap) 
V 
*Relative 
V 
Deflection 
*Deflected Dowel Shape 
__~._ fi- ~ _,~__-. 
Center Span 
Line of Symmetry 
AASHTO T253-76 Test Specimen 
Clamping Forces 
* Deflections are ex-
aggerated for clarity 
Figure 2.3. Modified AASHTO T253 
The load frame shown in Figure 2.4 was constructed to test the specimens. The 
specimens were centered on a stiffened test beam, which was secured to the laboratory 
structural tie-down floor. The top cross beam was supported by two ductile iron structural 
tubes that were post-tensioned to the laboratory floor to counteract forces from the hydraulic 
actuator. The actuator was positioned between the top cross beam and a spreader beam. The 
spreader beam was used to distribute the actuator load to two line loads located three inches 
from the ends of the center block. The distance of three inches between the end of the center 
block and the line load is to accommodate instrumentation. Two square steel tubes were 
wrench-tightened down to the test beam over each end block to provide affixed-end condition 
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to prevent rotation of the end blocks. Pieces of neoprene were placed between the concrete 
specimens and steel parts of the test frame (line load application and end-block fixity) to 
prevent localized crushing of concrete and to better distribute forces. Although neoprene is a 
relatively softer material it does not increase a specimen's ability to rotate because the 
neoprene provides better clamping force distribution over the rough concrete surface. 
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Figure 2.4. Load test frame 
Eight direct current deflection transducers (DCDTs) were used to measure deflections 
during testing. Four DCDTs were used to measure relative deflection across each of the two 
joints, while the remaining four DCDTs were used to monitor rotations of the end blocks and 
test beam. A data acquisition system was used to simultaneously read the applied actuator 
load and eight deflections. 
2.2.2 Building Slab Dowel Testing 
The specimens used for the building slab dowels were small-scale versions of the 
Modified AASHTO T253 with a few modifications. The specimens were 12 inches wide 
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like the Modified AASHTO T253 but only 6 inches in height to better represent building slab 
thickness. The center block is 16 inches long and the end blocks are 8 inches long. Steel 
reinforcement was added to the center block to help prevent concrete failure during testing 
due to the reduced thickness of the specimens. The reinforcement consisted of #2 bars in an 
"H" configuration 1 inch from the bottom of the specimens (see Figure 2.5). 
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Figure 2.5. Building slab specimen in forms 
The same test frame was used for the building slab dowel specimens with a few 
modifications to accommodate the smaller height. Instead of using a spreader beam to apply 
two line loads, the actuator was placed at the center of the center block and a single load was 
applied. This was done to mimic testing procedures used by industry for the building slab 
dowels. 
Six round dowel specimens (three without sleeves and three with sleeves) were 
constructed as Modified AASHTO T253 specimens (12-inch deep specimens as opposed to 
6-inch deep specimens) to observe the effects of increased concrete thickness around the 
dowel. 
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A Class-C Portland Cement mix with a target compressive strength of 4000 psi was used 
for the concrete. The concrete was placed in the troughs with shovels and by hand. The 
concrete was vibrated to ensure proper consolidation. Care was taken to not disturb the 
dowels while placing concrete so as not to develop dowel misalignment. The 0-inch joint 
specimens were constructed by placing concrete for the end blocks and allowing that 
concrete to set before placing the concrete for the center blocks. 
2.3.2 Building Slab Dowel Specimens 
The building slab dowel specimens were constructed in the same manner as the Modified 
AASHTO T253 specimens. The troughs were 12-inch wide by 6-inch tall (refer to Figure 
2.5). The steel reinforcement for the center blocks were placed on 3/4-inch chairs. Dowel 
sleeves for the specimens containing the sleeves were glued to one side of the PVC-sheet 
joint dividers and supported on the end by a piece of 3/4-inch PVC pipe (these are shown 
glued to the ends of the rectangular dowels in Figure 2.5). 
The concrete for the building slab dowel specimens was placed by hand scoops to prevent 
displacing the dowels. Care was taken to provide adequate concrete consolidation on the 
undersides of the plate dowels. 
2.3.3 St~a i n Gages 
Nine of the highway dowel specimens had strain gages applied to the dowels as shown in 
Figure 2.7 to measure the behavior of the dowels while load was applied. Twelve gages were 
applied to each dowel six on top and six on bottom. The gages were placed 1.5, 5.5, and 7 
inches from the center of the dowel. Strain readings were obtained by the same data 
acquisition system as used for the deflection and load measurements. The readings were 
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used to determine stresses and calculate moment at different points along the dowels. These 
calculated moments can be compared to the theoretical moments. 
7.0" - - - 9.0„
5.5"---
1.5" 
'"~T  T~ ~i L- _~ --~ 
5.5" -
1.5" --
Dimensions are symmetric. 
-Strain gage locations (Typ.) 
Figure 2.7. Strain gage placement 
L~ u ~1
2.4 Other Testing 
Other testing included concrete compressive strength tests for both the highway dowels 
and building slab dowels and FRP loss on ignition testing. The concrete compressive 
strength tests were used to determine if the concrete used for the test specimens met the 
minimum strength requirements and were used for calculating the allowable stresses for the 
highway dowels. The loss on ignition testing was used to determine the ratio of fiber to resin 
in the GFRP dowels. 
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3. THEORY AND MODELING OF DOWEL-TO-CONCRETE BEHAVIOR 
3.1 Modulus of Dowel Support 
Several researchers utilized Timoshenko's (28) model of beam on an elastic foundation 
(see Figure 3.1) to investigate the performance of dowel bars in pavement structures. Figure 
3.1 shows a specific case where a load, P, and moment, M~, area applied at the end of the 
beam. 
Figure 3.1. Beam on an elastic foundation 
The following briefly describes the analytical model of an infinite beam that is resting on 
a concrete foundation. This model, which is a Winkler model (29), assumes a linear force-
deflection relationship, so that if the beam (dowel in this case) imposes a deflection, y, on the 
foundation, the beam (dowel) will be resisted with a pressure ky, where k is the foundation 
modulus (see Figures 3.2 and 3.3 where z represents the joint width). When analyzing a 
dowel in pavement structures, the modulus, k, will be replaced by k~~b where b is the width 
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(or diameter, in the case of circular cross-sections) of the dowel bar and ko is referred to as 
the modulus of dowel support. The units of ko are psi/in. The units of k~ will be denoted 
throughout this report as pounds per cubic inch (pci) for simplicity. 
Profile of the deflected dowel 
bar in concrete pavement, y(x) 
Figure 3.2. Reactions along a deflected beam on an elastic foundation 
Following Timoshenko's model, the following relationship can be written: 
EI d 4 y 
= -
dx4 
(k°b).Y 
Where EI is the rigidity of the dowel and y is the deflection of the dowel. 
The general solution of the differential equation in Equation 3.1 is 
2 - 'fix
y = 2/~3EI 
[P cos,(3x — /3Mo (cos,Qx — sin,6x)] 
(3.1) 
(3.2) 
Where Q =;I4EI  and is referred to as the relative stiffness of the dowel on the concrete. 
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Friberg (30) applied the approach outlined above to a dowel with semi-infinite length 
embedded in concrete. To find the deflection of the dowel at the face of the concrete j oint, 
17 
Friberg set x = 0 and Mo = 2 Z (i.e. the moment from the shear load applied at the center of 
the joint) in Equation 3.2, which becomes 
P  (2 +,6z) Yo - 
4~33EI 
Where, 
~_; 
ko b 
4EI 
ko =modulus of dowel support, pounds per square inch per inch (pci) 
b =dowel bar width, in. 
P =load transferred by the dowel, lbs 
z =joint width, in. 
E =modulus of elasticity of the dowel, psi 
I =moment of inertia of the dowel cross section, in.4
(3.3) 
(3.4) 
3.2 Relative Deflection 
The Modified AASHTO T253 method was used to obtain yo. For a given load, yo was 
used to solve ,Q using Equation 3.3 and ~3 was used to solve for ko using Equation 3.4. For the 
Modified AASHTO T253, yo is determined using the equation 
_ dyo Pz 3 
O-2yo +z + +~ 
dx 12EI 
(3.5) 
Where 0 is the relative displacement in inches between slabs at the joint and consists of 
the following components (see Figure 3.3): 
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• deflection at each j oint face, y~ 
• deflection due to the slope of the dowel, 
zdyo
• moment deflection, 
• shear deflection, ~ 
Where, 
~,PZ~— AG 
PZ 3
12EI 
dx 
~ =shear shape factor = 10/9 for round and elliptical cross sections and 6/5 for 
rectangular cross sections (31) 
A =cross-sectional area of the dowel, in.2
G =shear modulus of the dowel material, psi 
Figure 3.3. Relative deflection between slab sections 
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As an alternative to the shear shape factors of 10/9 and 6/S (31), which are based on 
geometry, Cowper (32) developed a shear coefficient for Timoshenko's beam theory based 
on Poisson's ratio so that material properties factor in to shear deflection. Cowper's shear 
coefficients were slightly greater than the geometric coefficients but the geometric 
coefficients were used here for convenience and because the resulting changes to ko were 
insignificant. The deflections due to flexural effects in Equation 3.5 were assumed to be 
negligible due to small joint widths. (For example, even for j oint widths of up to 1 /2-inch, 
the moment deflection is on the order of hundred thousandths of an inch). Neglecting the 
moment deflection and slope deflection leaves 
O=2yo +~ 
Or, solving fory~, 
(o -s) 
.va = 2 (3.6) 
Once the load and deflection data were obtained from testing, a spreadsheet was used to 
calculate yo and ko for each data point. To perform this calculation an initial value for ko was 
given so that ~ could be determined and applied to Equation 3.3 . The Microsoft Excel Solver 
function was used to set Equation 3.3 equal to Equation 3.6 by changing k~, thus giving the 
representative k~ for a given data point. 
3.3 Bearing Stress 
Ultimately, the modulus of dowel support, ko, is used to determine the bearing stress of 
the dowel on the concrete at the joint face. Since Timoshenko's model assumed that the 
intensity of the reaction continuously distributed at every section is proportional to the 
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deflection at a given section, then the bearing stress can be found by multiplying the modulus 
of dowel support by the deflection at the face of the j oint: 
6b = ko yo (3.7) 
The bearing stress must be kept at a minimum to prevent crushing of concrete above and 
below the dowel. Equation 3.8 shows an allowable bearing stress given by the American 
Concrete Institute's Committee 325 (33). 
6~ _ 
~4—b ~ 
~ 3 ~ 
f (3.8) 
where, 
a'a =allowable bearing stress, psi 
b =dowel bar diameter for circles or major axis for ellipses, in. 
f~ =compressive strength of concrete, psi 
Equation 3.8 provides a factor of safety of approximately three. The bearing stress 
calculated for a given data point load was compared to the allowable stress for a given dowel. 
The load at which the calculated bearing stress equaled the allowable bearing stress was 
recorded to compare the six dowel types. 
Equation 3.8 applies to the highway dowels mentioned in this study and not the building 
slab dowels. Equation 3.8 was originally intended for round dowels but has been utilized 
here for both round and elliptical dowels less than three inches in width. Equation 3.8 is not 
used for the wide rectangular cross sections, which would provide negative values. 
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3.4 Strain Gages 
Moment along a dowel bar can be found using measured strain values obtained with 
strain gages. Nine Modified AASHTO T253 specimens (18 dowel bars) were installed with 
12 strain gages per dowel. Equation 3.9 (based on Equation 3.2) was used to find the 
deflected shape of the dowel (where x = 0 at the face of the slab joint). 
e-~
y(x) = 2~3EI [P cos,6x — ~Ma cos ~3x — sin,Qx~] 
d2 y e-~x 
M(x) _ —EI 
e 
—  , „ L2~P — Mo,Q~ sin ~3x — 2Mo,Q cos /3x] 
dx2 2,6 
V (x) _ —EI ~xy = —  e 2 z [2(P — Mo~3~(cos ~3x — sin,(3x~+ 2Ma /3(2 sin,(3x + cos /3x~] (3.11) 
Where, 
Mo = 
Pz 
2 
Mc 
The strain reading from the strain gages can be used to find moment by ~' _ , 
I 
where 6 = ~E ,therefore, 
M (x) _ ~E'I
c 
Where, 
~ =strain reading from strain gage at x 
6= stress at x determined from strain gage reading at x, psi 
c =half the vertical diameter of the dowel, in. 
(3.12> 
22 
E =modulus of elasticity of the dowel bar material, psi 
I =flexural moment of inertia for the dowel bar, in.4
3.5 Dowel Embedment Length 
Timoshenko's (Equation 3.2) and Friberg's (Equation 3.3) theories apply to a beam 
(dowel) ofsemi-infinite length. However, dowels are of measurable finite length. Albertson 
and others (2,3) have shown that the theory can be applied to dowels bars given that /3Le is 
greater than or equal to 2 (where Le is the embedment length of the dowel within the slab). 
This requirement was developed by comparing the semi-infinite theory with a more complex 
finite theory. The two theories were determined to be nearly the same for values of ~3Le
greater than 2. 
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4. ANALYSIS AND RESULTS 
4.1 Load Adjustments 
The load applied to the center block of the Modified AASHTO T253 specimens was 
assumed to be distributed evenly between the two dowels. Analysis ofload-deflection data 
for the test showed inconsistencies between the relative deflections measured on either joint. 
Many factors could have caused the inconsistencies, including the load frame, test 
specimens, and centeredness of the load application apparatus (the load actuator and spreader 
beam). Because of these inconsistencies the load was not necessarily distributed equally 
between dowels. Because of the unequal distribution the data was analyzed two ways: 
1. Assuming load was distributed evenly between the two dowels (unadjusted loading) 
2. Assuming load was distributed proportionally between the two dowels based on the 
relative deflection measurements (adjusted loading) 
The difference in ko values determined using the unadjusted loads and the adjusted loads 
was usually within ten percent but as high as 45 percent in one extreme case. The outlier was 
due to dowel misalignment during specimen construction and concrete placement that 
produced unwanted eccentricities during loading. 
4.2 Modulus of Dowel Support 
4.2.1 Highway Dowels 
Tables 4.1 and 4.2 show the average k~ (see Section 3.1) value for the highway dowels 
tested broken down by dowel type, joint width, and load adjustment. The 0-inch joint width 
corresponds to a joint where one slab is cast against a previously placed slab (commonly 
referred to as a cold joint). Outlier data points—due to specimen seating during initial 
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loading and due to deflection reading errors—have been omitted from both Tables 4.1 and 
4.2 and from the graphs in Appendix A. 
Table 4.1. Average ko (pci) values—equal load distribution 
Joint Width 
Dowel Type Dowel Size 0-inch` 1 /8-inch 1 /2-inch 
Round Steel 1.5 2,770,000 1,280,000 610,000 
Large Elliptical Steel 2.00 x 1.375 1,280,000 510,000 540,000 
Small Elliptical Steel 1.66 x 1.13 3,410,000 520,000 510,000 
Round Stainless Steel 1.5 3,590,000 710,000 790,000 
Round GFRP 1.8 7 5 1,100, 000 3 40, 000 400, 000 
Elliptical GFRP 2.25 x 1.25 1,240,000 640,000 500,000 
Cold joint 
Table 4.2. Average ko (pci) values—adjusted loads 
Joint Width 
Dowel Type Dowel Size 0-inch` 1 /8-inch 1 /2-inch 
Round Steel 1.5 2,980,000 1,220,000 620,000 
Large Elliptical Steel 2.00 x 1.375 1,280,000 640,000 560,000 
Small Elliptical Steel 1.66 x 1.13 3,690,000 530,000 560,000 
Round Stainless Steel 1.5 3,840,000 790,000 810,000 
Round GFRP 1.875 1,190,000 360,000 410,000 
Elliptical GFRP 2.25 x 1.25 1,260,000 690,000 520,000 
*Cold joint 
Appendix A shows k~ vs. load graphs for all highway dowel specimens tested. 
4.2.2 Buildzng Slab Dowels 
Tables 4.3 and 4.4 show the average k~ value (see Section 3.1) for the building slab 
dowels tested broken down by dowel type, joint width, and load adjustment. Appendix B 
shows ko versus load graphs for all building slab dowel specimens tested. Outlier data points 
have been removed from Tables 4.3 and 4.4 and Appendix B for the reasons described in 
Section 4.2.1. 
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Table 4.3. Average ka (pci) values—equal load distribution 
Dowel Type 
Square Plate 
Diamond Plate 
Rectangular Plate 
Round Bar 
Round Bar (12 inch) 
Dowel Size, in. 
41/ 2 X 41/ 2 X 1/ 
41/ 2 X 41/ 2 X 1/ 
12x2x 3/s 
14 x 3/ 
14 x 3/ 
Without 
Sleeve
670,000 
370,000 
850,000 
2,850,000 
1,910,000 
With 
Sleeve 
400,000 
220,000 
400,000 
650,000 
560,000 
Table 4.4. Average ko (pci) values—adjusted loads 
Dowel Type 
Square Plate 
Diamond Plate 
Rectangular Plate 
Round Bar 
Round Bar (12 inch) 
Dowel Size, in. 
41/ 2 X 41/ 2 X 1/ 
41/ 2 X 41/ 2 X 1/ 
12x2x 3/s 
14 x 3/ 
14 x 3/ 
Without 
Sleeve
620,000 
360,000 
810,000 
1,960,000 
1,980,000 
With 
Sleeve 
270,000 
160,000 
370,000 
380,000 
550,000 
Note that the k~ values for the sleeved dowels are not true modulus of dowel support 
values. The ko values for the sleeved dowels have been computed for comparison purposes. 
The modulus of dowel support accounts for the dowel on the concrete foundation and not the 
effects of the sleeves and spaces between the dowels and the sleeves. 
The sleeves reduced the computed k~~ values 40-5 5 percent for the rectangular cross 
section dowels and 70-80 percent for the circular cross section dowels. The reduction in ko
values also corresponds to an increase in dowel deflection. 
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4.3 Effects of Joint Width 
4.3.1 Highway Dowels 
Neglecting the cold joint specimens, Tables 4.1 and 4.2 show that joint width had some 
effect on the value of ko. The values for the 0-inch joint are significantly greater than the 1/8-
inch and 1 /2-inch j oints. This difference in k~ can be attributed to the absence of a gap. The 
cold joint specimens were affected by arching action taking place within the center block. 
The center block did not undergo an ideal vertical translation. Each end of the center block 
experienced a different downward deflection, causing a slight rotation within the block. The 
1 /2 and 1 /8-inch gap specimens allowed enough clear space to avoid contact between the 
center block and the end blocks. The cold jointed specimens resisted this rotation by 
developing normal forces between the center block and end blocks. These normal forces 
caused significant frictional forces between the blocks. The addition of these unknown 
frictional forces reduced the amount of shear force being transferred through the dowel bars. 
Thus, the measured loads were an exaggeration of the loads being transferred through the 
dowels. The exaggerated loading led to an inaccurate increase in the value of ko. Because of 
the inaccuracies, all comparisons described herein for the highway dowels are based on 1 /fl-
inch and 1 /2-inch joints only. 
The k~ values calculated for the 1 /8-inch and 1 /2-inch j oints were similar except for the 
1.5-inch round epoxy coated steel dowels, which exhibited much greater ko values for the 
1 /8-inch specimens than the 1 /2-inch specimens. The ko vs. load plots (in Appendix A) for 
the round steel specimens also had the largest data spreads. The data did not provide hard 
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evidence for significant differences in ko for 1 /8 and 1 /2-inch joint widths in terms of dowel 
material or shape. 
There was a greater tendency for specimens with larger gaps to rotate about the dowel 
(i.e. for the unrestrained center block to twist while the end blocks remained restrained) 
during testing at higher loads and during handling of specimens after testing. 
4.3.2 Building Slab Dowels 
All building slab dowel specimens tested had 1/8-inch joints; therefore, no effects of joint 
width comparisons can be made for this set of tests. 
4.4 Effects of Dowel Shape 
4.4.1 Highway Dowels 
Of the six highway dowel types tested, three had circular cross sections and three had 
elliptical cross sections. The theory behind using elliptically-shaped dowel bars is to provide 
a greater bearing area for the dowel on the concrete to reduce bearing stresses and more 
effectively transfer loads without crushing the concrete above and below the dowel. 
However, providing the greater bearing width of the dowel places the dowel in weak-axis 
flexural bending. 
The elliptically-shaped dowel bars exhibited lower ko values than the circular dowels. 
The exception to this pattern is the 1.875-inch diameter GFRP dowel, which exhibited lower 
k~ values than any other dowel tested. The reason for this discrepancy is more a matter of 
material properties rather than dowel shape as will be discussed in the next section. 
The data show that both sizes of elliptical steel (2.00 x 1.375 & 1.66 x 1.13-inches) 
performed similarly in terms of ko. 
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Although the elliptical shape provided smaller k~ values they also had smaller allowable 
bearing stresses (according to Equation 3.8) since they are oriented in such a way that load is 
transferred byweak-axis bending. That is, increasing the theoretical bearing area of the 
dowel on the concrete by using an elliptical shape comes with the cost of using a larger 
dowel to provide the same flexural strength as an equivalent round dowel. However, 
determining rider comfort and analyzing fatigue effects while using smaller elliptical dowels 
is a possibility for future research. 
4.4.2 Building Slab Dowels 
Of the four building slab dowel types tested, three had rectangular cross sections and one 
had a circular cross section. The rectangular cross sections provide an increased bearing 
contact area between the dowel and concrete than the circular cross section, although the 
circular cross section is a more efficient use of material having greater rigidity with a smaller 
cross sectional area (but a greater length is needed for the circular dowel to satisfy the 
,C3Le >_ 2 requirement than for the rectangular dowels). 
The round dowel exhibited significantly higher k~ values than the rectangular cross 
sections. The data for the rectangular cross sections show that the greater the cross sectional 
width, the smaller the k~ value. 
4.5 Effects of Dowel Material 
4. S.1 Highway Dowels 
The GFRP dowels produced lower k~~ values than the epoxy-coated steel dowels and the 
stainless steel dowels. This is expected since GFRP is a softer material than steel and 
because the GFRP dowels tested were of larger sizes than the steel, thus providing a greater 
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dowel-concrete bearing area to distribute the reaction. Steel has greater ko values for 1/8- 
inch joints than stainless steel, and stainless steel has greater ko values for 1/2-inch joints than 
steel because of the inconsistencies between 1/8-inch and 1/2-inch joints for the steel dowels. 
However, others (11) have demonstrated that steel exhibits a higher ko value than stainless 
steel. 
The three steel dowel types were all epoxy-coated while the stainless steel dowel 
naturally was not. This soft (relative to the steel) coating around the perimeter of the dowels 
provides for more initial displacement at lower loads than the non-coated stainless steel 
dowel. The softness of the epoxy coating may explain why lower relative deflections were 
observed for stainless steel than for a similar sized epoxy-coated steel, even though steel has 
a slightly greater flexural rigidity than stainless steel (the moduli of elasticity for steel and 
stainless steel are 29x106 psi and 28x106 psi, respectively). The dowel stiffness and relative 
deflections will be discussed in the next two sections. 
4. S. 2 Building Slab Dowels 
All building slab dowels were made of steel so no effects of material comparisons can be 
concluded for these dowels. 
4.6 Effects of Dowel Flexural Rigidity 
4.6.1 Highway Dowels 
Table 4.5 shows the modulus of elasticity, the moment of inertia about the horizontal 
axis, and the dowel flexural rigidity, EI, for the six highway dowel types. 
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Table 4.5. Dowel properties 
Dowel 
Dowel Type Size, in. 
Round Steel 1.5 
Large Elliptical Steel 2.00 x 1.375 
Small Elliptical Steel 1.66 x 1.13 
Stainless Steel 1.5 
Round GFRP 1.875 
Elliptical GFRP 2.25 x 1.25 
Modulus of 
Elasticity, E, psi 
29 x 106
29 x 106
29 x 106
28 x 106
6.51 x 106
8.66 x 106
Moment of 
Inertia, I, in.4
0.2485 
0.2552 
0.1176 
0.2485 
0.6067 
0.2157 
Flexural Rigidity 
EI, lb-in.2x106 
7.21 
7.40 
3.41 
6.96 
3.95 
1.87 
Table 4.6. Dowel flexural rigidity and ko comparison 
Dowel Type k ~~ , pcl EI , lb-in.2x 106
Round GFRP 
Elliptical GFRP 
Small Elliptical Steel 
Large Elliptical Steel 
Round Steel 
Stainless Steel 
400,000 
500,000 
510, 000 
540, 000 
610,000 
790.000 
3.95 
1.87 
3.41 
7.40 
7.21 
6.96 
*For 1 /2-inch joint, unadjusted loading 
Table 4.6 suggests that as EI of the dowel bar increases, k~~ increases. The discrepancies 
in Table 4.6 were assumed to be caused by external factors. The first issue is the softness of 
the GFRP material compared to steel. The GFRP was more likely to experience small 
localized deformation at the location of the j oint due to the high stresses caused by the 
concrete edge of the joint. The epoxy coating on the round steel bars is another example of 
softer materials undergoing localized deflections. This table is for 1/2-inch joint width in 
order to maximize flexural activity across the joint for comparison of stiffness. 
4.6.2 Building Slab Dowels 
Table 4.7 shows the modulus of elasticity, the moment of inertia about the horizontal 
axis, and the dowel flexural rigidity, EI, for the building slab dowels. 
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Table 4.7. Dowel properties 
Dowel Type 
Square Plate 
Diamond Plate 
Rectangular Plate 
Round Bar 
Round Bar (12 inch) 
Dowel Size 
4 1/2 X 4 1/2 X 1/ 
4 1/2 X 4 1/2 X 1/ 
12 x 2 x 3/ 8
14x 3/ 
14x 3/ 
Modulus o f 
Elasticity, E ,psi 
29 x 106
29 x 106
29 x 106
29 x 106
29 x 106
Moment of 
Inertia, I , in.4
0.0059 
0.0083 ~` 
0.0089 
0.0155 
0.01 SS 
Dowel Flexural 
Rigidity, EI (x106) 
0.170 
0.240 
0.255 
0.450 
0.450 
*Moment of inertia at center of joint (0.0081 in.4 at the face of the joint) 
Table 4.~. Dowel stiffness and ko comparison 
Dowel Type k~~ *, pci EI 
Diamond 
Square 
Rectangle 
Round 
Round (12 inch) 
370,000 
670,000 
850,000 
1,910,000 
2,850,000 
0.240`" 
0.170 
0.255 
0.450 
0.450 
From unadjusted loading for non-sleeved specimens 
'~'~Using moment of inertia at center of j Dint the flexural rigidity at the j Dint face is 
0.23 6x 106 and the average flexural rigidity along the diamond plate is 0.199x 106
Table 4.8 shows that as flexural rigidity of the dowel bar increases, k~~ increases. Only 
the diamond plate did not follow the trend because the diamond plate has the only non- 
continuous cross section and the moment of inertia reported is for the cross sectional area at 
the center of the joint while the average moment of inertia along the length of the diamond 
plate is half of that. The moment of inertia for the diamond plate at the face of the joint is 
slightly less than at the center of the joint. 
4.7 Dowel Deflection 
4.7.1 Highway Dowels 
Tables 4.9 through 4.12 show the average relative deflections, D (measured); shear 
deflections, 8 (Equation 3.5); and displacements, y~ (Equation 3.6), at the joint face for the 
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highway dowels. Tables are shown for both 1/8-inch and 1/2-inch joints and for a small (2 
kip) and large (10 kip) load. 
Table 4.9. Average deflections - 2 kip loading, 1/8-inch joint 
Dowel Type 
Round GFRP 
Elliptical GFRP 
Large Elliptical Steel 
Small Elliptical Steel 
Round Steel 
Stainless Steel 
Average O, in. Average b, in 
0.005794 
0.005118 
0.006573 
0.006441 
0.003534 
0.004502 
0.000039 
0.000037 
0.000012 
0.000017 
0.000015 
0.000015 
Average yo, in. 
0.002877 
0.002541 
0.003281 
0.003212 
0.001760 
0.002243 
Table 4.10. Average deflections - 2 kip loading, 1/2-inch joint 
Dowel Type Average O, in. Average b, in. Average yo, in. 
Round GFRP 
Elliptical GFRP 
Large Elliptical Steel 
Small Elliptical Steel 
Round Steel 
Stainless Steel 
0.006965 
0.006340 
0.005274 
0.008616 
0.004368 
0.003 314 
0.000162 
0.000146 
0.000045 
0.000065 
0.000055 
0.000058 
0.003401 
0.003097 
0.002615 
0.004276 
0.002157 
0.001628 
Table 4.11. Average deflections - 10 kip loading, 1/8-inch joint 
Dowel Type Average 0, in. Average b, in. Average yo, in. 
Round GFRP 
Elliptical GFRP 
Large Elliptical Steel 
Small Elliptical Steel 
Round Steel 
Stainless Steel 
0.032065 
0.019268 
0.016194 
0.022264 
0.022447 
0.018396 
0.000195 
0.000182 
0.000057 
0.000084 
0.000070 
0.000073 
0.015935 
0.009543 
0.008068 
0.011090 
0.011188 
0.009162 
Table 4.12. Average deflections - 10 kip loading, 1/2-inch joint 
Dowel Type 
Round GFRP 
Elliptical GFRP 
Large Elliptical Steel 
Small Elliptical Steel 
Round Steel 
Stainless Steel 
Average D, in. Average b, in. 
0.028660 
0.026095 
0.016064 
0.032607 
0.022575 
0.018402 
0.000773 
0.000733 
0.000229 
0.0003 3 7 
0.000267 
0.000297 
Average yo, in. 
0.013944 
0.012681 
0.007918 
0.016135 
0.011154 
0.009052 
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Tables 4.9 through 4.12 show that the stainless steel and large elliptical steel dowels were 
better at limiting overall displacement. However, the additional flexural rigidity leads to 
greater bearing stresses between the dowel and concrete, especially for round dowels like the 
stainless steel dowels. Round FRP and small elliptical steel dowels did not perform as well 
as the others in limiting displacement because they have lower dowel flexural rigidity and 
narrower bearing area regions. 
4.7.2 Building Slab Dowels 
Tables 4.13 and 4.14 show the average relative deflections, 0 (measured); shear 
deflections, b (Equation 3.5); and displacements, y~ (Equation 3.6) at the joint face for each 
building slab dowel type. Tables are shown for both non-sleeved and sleeved dowels with 
2000-pound loading. 
Table 4.13. Average deflections (non-sleeved dowels) 
Dowel Type 
Square 
Diamond 
Rectangle 
Round 
Round (12 inch) 
Average 0, in. 
0.004698 
0.005126 
0.005855 
0.0043 3 6 
0.003942 
Average , ln. 
0.000024 
0.000017 
0.000036 
0.000056 
0.000056 
Average yo, in. 
0.002337 
0.002555 
0.002910 
0.002140 
0.001945 
Table 4.14. Average deflections (sleeved dowels) 
Dowel Bar Average 0, in. Average b, in. Average yo, in. 
Square 
Diamond 
Rectangle 
Round 
Round (12 inch) 
0.008817 
0.009824 
0.017457 
0.014403 
0.014825 
0.000024 
0.000017 
0.00003 6 
0.000056 
0.000056 
0.004396 
0.004904 
0.008711 
0.007173 
0.007385 
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The round dowels without sleeves deflect the least due to their higher flexural rigidity 
than the other dowels, but the lower deflections come with the cost of having increased 
bearing stresses. 
Of the rectangular cross sectional dowels, the rectangular dowel had greater deflections 
than the square or diamond dowels, which both displayed similar deflections. 
Figures 4.1 and 4.2 show typical concrete failures that occurred due to dowel deflection 
during testing of the building slab dowels. The failure mode was concrete shear failure due 
to prying action of the dowel. 
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Figure 4.1. Typical concrete failure (square plate specimen) 
Adding the sleeves to the dowel increases the relative deflection about 2-4 times more 
than without the sleeve. This increased deflection is due to the closing of void spaces in the 
sleeves surrounding the dowels and due to the compression of the sleeve between the dowel 
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Figure 4.3. Air voids in concrete underneath one dowel 
4.8 Bearing Stress 
4.8.1 Highway Dowels 
The bearing stress at the face of a joint is the product of k~ and yo. The allowable stresses 
(see Section 3.3) for each highway dowel bar type are presented in Table 4.15. 
Table 4.15. Allowable stress and load at which the allowable stress is exceeded 
Dowel Type Allowable Stress*, psi Load, lbs 
Round Steel 4,583 6,000-8,500 
Large Elliptical Steel 3,666 7,000-8,000 
Small Elliptical Steel 4,290 6,500-8,500 
Stainless Steel 4,583 6,000-8,000 
Round GFRP 3,895 6,500-8,000 
Elli ~ tical GFRP 3,208 5,000-6,000 
*Per ACI Committee 325 (33), determined from Equation 3.8, where f~ = 5500 psi 
The last column in Table 4.15 shows the range of loads for each dowel type that the 
allowable bearing stress was reached during testing, that is, when 6b (Equation 3.7) equals 6a
(Table 4.15). 
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4.8.2 Building Slab Dowels 
The bearing stresses calculated before failure for each building slab dowel type are 
presented in Tables 4.16 and 4.17 along with the loads corresponding to the stresses. 
Table 4.16. Dowel (no sleeve) bearing stresses and load before failure 
Dowel Type 
Square 
Diamond 
Rectangle 
Round 
Round (12 inch) 
Bearing Stress 
Before Failure, psi 
3,500 - 3,600 
1,700 - 1,900 
5,600 - 6,400 
11,000 - 15,500 
18,500 - 21,000 
Corresponding 
Load, lb s 
5,200 - 5,400 
4,000 - 4,400 
5,000 - 5,300 
4,200 - 4,700 
6,800 - 9,000 
Table 4.17. Dowel (with sleeve) bearing stresses and load before failure 
Bearing Stress Corresponding 
Dowel Type Before Failure, psi Load, lbs 
Square 2,050 - 2,150 3,400 - 3,900 
Diamond 1,350 - 2,000 4,000 - 5,200 
Rectangle 2,500 - 4,400 3,400 - 4,200 
Round 5,900 - 7,600 3,300 - 4,100 
Round (12 inch) 12,500 - 16,000 6,700 - 8,300 
Tables 4.16 and 4.17 show that the round dowels have the greatest bearing stresses. 
Diamond plates have the smallest bearing stresses. Just as k~~ decreases as dowel width 
increases and as flexural rigidity decreases, bearing stress also decreases. 
All four dowel shapes reached similar loads before the specimens failed (note: the 12-
inch deep specimens reached higher loads before failure because of the increased concrete 
volume surrounding the dowels). The sleeved dowel specimens reached failure at slightly 
lower loads than the non-sleeved dowels. 
For design purposes, the loads shown in Tables 4.17 and 4.18 would need to be divided 
by an appropriate factor of safety, as deemed necessary by a jurisdictional authority. 
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4.9 Strain Gages 
4.9.1 Highway Dowels 
Nine of the highway dowel test specimens were equipped with strain gages. Both dowels 
in each specimen were installed with twelve strain gages each. Figure 4.4 shows the 
placement of the strain gages. Figure 4.5 shows two gaged dowels. 
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_cam__ - —_—rte. - ~1
--rte — ~ — Z.~ —T 
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Dimensions are symmetric. 
-Strain gage locations (Typ.) 
GT
Figure 4.4. Strain gage placement 
9.0" 
The following is a list of specimens with strain gages: 
• 1.5-inch diameter steel with 0-inch joint 
• 1.5-inch diameter steel with 1/2-inch joint 
• Large elliptical steel with 1/2-inch joint 
• Small elliptical steel with 1/2-inch joint 
• 1.5-inch diameter stainless steel with 1/8-inch joint 
• 1.875-inch diameter FRP with 0-inch joint 
• 1.875-inch diameter FRP with 1/8-inch joint 
• Elliptical FRP with 1/8-inch joint 
(Note: there was also one small elliptical steel with 0-inch joint specimen that had strain 
gages installed but provided unusable data.) 
39 
K ,i: ~,,. .ny':~ }• ' ~>}. } 
rF. Y 
~{ r}} /fin, r , 
/~ j  „.. .. I --:-. -.. - - ...... .. .isYnv~ 
// '' '' :i:: f:
~.. . r - `t ~r4'.4'•v/ /:: ~r .r / i/ Jr. ' kr f///// - - ::{h Kv tititi . r :R:f~ '. ~,ia,+? ,±$3` §~` r/; /,/: ~~
// '`~ 4 : :K'F •... "": ~•:. ;k •. . 2 ~':..',~'~, '@`~: • :.`j~}.;:"„6%/rr . 9'u f3'/d r: .! ~rrr /1.. r /~~•:<{.},LSx~s ry > \ 
k. ~: '•`j~{'}• •;u~ r:~:•'•.d/ % •~fS< ~t}r :`r: 
~c'. '. 4:::~ '•o..{::. rrSC. :. {..::r.:. rn...,.:. v 
,,{} 
..>r::;: ~., ' { v . } ~~t?!.> 
~/~ {, \ ~;. ~^%''~~ . +' >,'•r.:s' :,':':~ 
, ~" ,. 
}}:•'%}} r%iri..}):~y., } `~`,w~+'•..:` }:~< .H! ;ts;{.~!, .c s£{r.V.:>l(J,.;.4' Y`/~ tCt 'fa~'.~ '<''^" S,t,,,•}a•,:sr •~i•C.tic`~}y;ii~f. 
h}';v';:n,•;:o:\;~`,`•}tsc? 
r 7 ri: ti»;`~ 2.S'{ ,t {RYc':%F t~tt>.$s'::}..;aY}•'u4; ::,: ••iii;r ;{::::: %r  
):. .5.. is .~vfi~ '/c :%. i?YJi; fG r';T>,f':. \q>::;`.,~:;4~;,: :•iu}T.`.'I,o /'''~~% ~/' ,:3s9' {c~•, .,,.w}}}•:: •:  .:}...,.::::Y.::./7. }/r.?JT...:.:.{r/rr :~%r..:..,.,.,r%::S'!$f .:r{.;..rr.`:r1. ~';~'/.1..:/s!.r./i.:;4~•...x:. .:.c.::.::f.. y.:~ ~~ 1~ ...~%'~ f ~~ r fl ; yr dflc,~, ¢:~~'.i%:;2:^}:.kr:"~!»:}:.s::.:,:::;::s?'i::..,;:....:~;,/. •;/{.:/, :~::~.//%/ ::r «:t:r.,:: .;:4.•:.. ,..;r.,:; 1,... 
`' fi r..... . ' :~\::3y:.}.t:i. 
,! , w :.,.,. .Y......... 4.4.4 
n..:.. ..,.......: :. . 
/ .: • . .: ::.... 
~ .. : :. : ,); 
'~--J'/ / r .«::./s. ':.:..:......::..::.,.:,.,,:..v:x,,:Y.~>:ms>rrii»r;+?d3ii:acc~ko-Y'YhY/F.."%i/.{ri%4N!/1211~///HfJXf/A71%/:.7%iY'~'/iDl1Ji`:, • ~SAfg~~5/y9.~y~Fl"icy%%Jrtfrl~JJ.>JJ7AD"9~k":,.; ..,»?ri).isY/. ~~>i'Gw• 
• 'v~::4%./any, /i./.~~;  :~!%~:~.%'/(~} %i 
~.
1/~ / /~~y~, ~'~ %~~ '/~ ' 
fi  y .:i/br~yli {{i'., pi}f '':'~.•,r,.r`,'' r. ;~'7'%N~f ,:fl'' : .
' r ?x» ~y,4,~' .:: .,t(~ 2o- '">'' •' :9~t• ~~ ) }}~. •.`fJ ~•.• 
to:  
.. f .,, i.::  ~•, : ~,CUn' 3' `' : ' ~~' . r : .."•r 
:%:~t
~,:. : rA;:}' . ter; •KC } F k'~2'° t Y ': • 
..r~i ~ 
!f/
( 
/'rrrs r rF 
:' s~'i5}
/
:: y'r'~ / 1' r..i• ; (~ fj 
{/.:. i. l r r /iY/,rr,• f ~ ~/b r~// /, ,.•, ,. .{~{4i}: ~G~c~-`i.. 
~ '
4Y.4`f' -" - -/. s#`- 
/'! "•:: a•...,;. NF'J.:Yi9^sf rix.- y %,. 
;'% i '~.i'..~%ri: : 
~.%ri£.'r i1l,sss. 2f''f~'Y:Sr:•,''iir 1'•<.•'
Y.//V~l ,•.ij,.'jr 
` ~c'.:;:. , , r•, : 
r•+. f[ri,. fvy':r '.°a.~Y~i. i~~ rr!Y.;O%~iYr.:  /.. 
!lrCr'.~~t~'':s'k;u$;;,~;!:: •~.',~F?$FKC.`;'.C+.C;;?:?'3:°.'j<:;ivk 
:.'(f: 
:'{t7~ 
ir3~'i:{~.3E'c`~°';.:s.'.#
'Sc
w;M; :~:>.~iir ~~~4ii~~.,`1;iii§~:os~~r~i ~Z~ 
{..:: `+?,...'}~y S i 
S .~r.G~Sti: C}{i::.rv~;Nr!v:H.M3Y%•YM 
},~j Y.}, : : ;., •}}}.~'.</.GA•9 trt t: 
{y a r c;::: ;:. 
~! +f' 1,! / r + 
r 
3G "b;'/i•.' it ~~tl/r '.C%ls ;. .. ~~ r ,... rs 
., 
~\` . ~~ 
;~ ' 4
'.> 4' ~'~i: a 2 ... }. ' t 
Li f{.. '..!!parr{{Ati4i% ,.' ~: ~ !.. 
x. ::.. .;~ . ate,{.;. ~ }: ,. • ~ , 
t'r4:'/:0D/f:f : .ti~~`!;~` t }~r ~N f ~, r~ss'•.
:
4m{k`Mt~;;~.~4 St's{ Yt.~. s...; ,..,~. ti.~ 
J 4 
q~,y 
n _ r 
,~• 
r  ,. ~f
!{Yii' t.:j/fi ~s%1.:.::,}'{:s~:!~~~ySsG.!vS./...~~.• 1~.. + ... ..,...: 
:'.ry..y ~+:::.:;;':;... tits;. {ii t~"~S`4 . f. '~ ~)..:. .°+i"':{n~itf;3G,i•:•y;:^'~: : ::i6:;:~ yti{v aK,:`}~ 
>. ~ 
}'
.>";:.tip^::: ..: y. ::~ ;+'ys, :~/;; 9:::}; / :. {' 
'} 'ic.~.~ :;> `i{q :}{\5\.{:i:':'.s~~YV)~~`.'"~ .: rr . 
+~;
/
:~~!!,.,~c r.~}a,%f{~ :r;/ :. "t;,,~j 
a"i ~ .; 
:~:'. v.. int„~ '.. ~: r ~C ..:4.: }.'}'r '~/ ~f~%Y 'r# 
"Y '~cC.~ 
,/ma~yy 
::'{; rG::; t': ;:;sa' .:<.,t~~'~' q§•::r:3Lk~:.:.. .~ :-.'fi: yc:.M1 ` ""SSSF~~C~i{~ ~7"~>~ / l' 
. . . ~ ~ % . 
.:. :.<;:: ~}::}: :: ~+\ 4:t Srti••..:.}4;}~ r,4~ / rr /l/~:iri:•:./.lf,:I"f`` rEfJi.~ 
R;s. i~ 
t1~i;r1 •.4 •.if~ rf }\..}.. ~ 4 } . 
c::+;,r,4;:N
/
x
/;~
~~~{
)~
,
~~f/
'
rr
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Figure 4.5. Two stainless steel dowels with strain gages set in concrete forms 
The strain gages were wired into the same data acquisition system as the DCDTs so that 
load, deflections, and strains were read simultaneously. The strain readings were used to 
determine the moment using Equation 3.12. These moments can be plotted and compared to 
the theoretical moments based on Equation 3.10. 
The strain gage moment plots are created assuming zero moments at the ends of the 
dowels and a moment, M~>, at the face of the joint. Figures 4.6 and 4.7 show plots of strain-
gage-measured moment and theoretical moment along a 1.5-inch diameter epoxy-coated steel 
dowel specimen with 1 /2-inch j oints. The distance along the dowel (abscissa) is measured 
from the face of the joint. Both the measured and the theoretical plots are determined using 
the measured k~ value for each specimen. 
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Figure 4.6. Moment diagram, 1.5-inch diameter steel, 1/2-inch joint, east dowel 
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Figure 4.7. Moment diagram, l.5-inch diameter steel, 1/2-inch joint, west dowel 
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Figure 4.8 shows a dowel displacement diagram based on Equation 3.9 for the 1.5-inch 
diameter steel specimen with 1 /2-inch j oint. 
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Figure 4.8. Dowel displacement diagram, 1.5-inch diameter steel, 1/2-inch joint 
Appendix C contains representative moment diagrams for all the strain-gage equipped 
specimens. The moment diagrams are for various arbitrary loads that occur within the linear 
region of the load-deflection plot. Typically, 10-kip loads were used to maximize moment 
action in the dowel for the strain gage readings. 
The strain gage readings for the different dowels show that the actual moment diagram 
follows a similar shape as the theoretical moment diagram. The following observations were 
also made: 
• The moments observed from the gages 1.5 inches from the center of the dowel were 
less than the theoretical moments for 11 of the 16 dowels. 
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• Data from the gages furthest from the center of the dowel (7 inches) usually exhibited 
values close to zero and were closer to zero than the theoretical value for 10 of 16 
dowels. 
• Reviewing the moment diagrams for each specimen does not show any pattern for or 
against the theoretical moments (i.e. the actual moment diagrams are not collectively 
similar to each other while being different from the theoretical). 
There are many factors that could influence the slight discrepancies between the observed 
and theoretical moments. The moments in the dowel at the face of the joint and the end of 
the dowel are assumed to be Mo and zero, respectively, when developing the moment 
diagram using the strain gages. These moment value assumptions are based on the 
assumption that an inflection point occurs at the center of the dowel (at center of the joint). 
The strain gage data from gages closest to either side of the joint show that the moments are 
not symmetrical about the center of the dowel. Thus, the value Mo at the face of the joint is 
incorrect. Finite element analysis has also provided evidence that the assumption that the 
inflection point is located at the center of the joint is incorrect (10). Thus far, the Iosipescu 
test (3) is the only method for testing dowels that produces an inflection point at the center of 
the j oint. 
Since the moments at opposite faces of a j oint are not equal then y~ at either face is not 
likely equal either. But for the Modified AASHTO T253 this inequality is not a major 
concern because yo is determined from the relative deflection, which takes into account two 
yo terms that are essentially averaged to find a representative yo value used to determine ko. 
The theoretical y~ for the 1.5-inch diameter steel dowel with 1/2-inch joints shown in 
Figures 4.6 and 4.7 is 0.014 inch. The observed y~ determined from the relative deflection 
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and averaged for the two dowels was 0.017 inch. Table 4.16 shows the observed and 
theoretical yo values for each of the strain gage specimens (typically fora 10 kip load). 
Table 4.16. Observed and theoretical yo values 
Dowel Type Joint Width, in. Observed y ~ , in. Theoretical* y ~ , in. 
Round Steel 0 0.004 0.004 
Round Steel 1 /2 0.014 0.017 
Large Elliptical Steel 1/2 0.006 0.008 
Small Elliptical Steel 1 /2 0.020 0.027 
Round Steel 1/8 0.005 0.006 
Round GFRP 0 0.006 0.006 
Round GFRP 1/8 0.022 0.023 
Elliptical GFRP 1/8 0.015 0.010 
*Equation 3.9 
The observed yo values were similar to the theoretical y~~ values. The largest differences 
occurred for the small elliptical steel and elliptical GFRP specimens, which both exhibited 
significantly unsymmetrical loading. 
Appendix D shows the theoretical displacement diagrams for the eight strain gage 
specimens with the observed joint face displacement. 
4.9.2 Building Slab Dowels 
None of the building slab dowels specimens included strain gages. 
4.10 Dowel Embedment Length 
The dowel embedment length requirement that ,(3Le >_ 2 was satisfied for all highway and 
building slab dowels tested. This requirement is necessary when assuming asemi-infinite 
length, which is required for the theory presented in Chapter 3. 
44 
5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
5.1 Summary 
The AASHTO T253 method of determining modulus of dowel support and evaluating 
dowels has been in use for several years. Many modifications have been made to the test to 
provide better results and recommendations have been made for more sweeping changes 
(20). Though not exact, the Modified AASHTO T253 is a useful tool to evaluate dowel bars. 
This study focuses on the results obtained from the Modified AASHTO T253 as follows: 
• 54 full scale highway dowel tests including: 
o Six different dowels types 
o Circular and elliptical sections 
o Steel (epoxy-coated), stainless steel, and GFRP materials 
0 1 /2-inch, 1 /8-inch, and 0-inch j oint widths 
o Eight tests with strain gages used to show dowel behavior 
• 3 0 full scale building slab dowel tests including: 
o Four different dowel types 
o Circular and rectangular sections 
o Six normal size specimens and 24 small size specimens 
o Dowels with and without sleeves 
Altogether, these tests evaluated 28 different configurations of dowel type, joint width, 
specimen size, and whether sleeved or not. 
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In addition to determining the modulus of dowel support for each dowel, the effects of 
joint width, dowel shape, dowel material, dowel flexural rigidity were also observed. Dowel 
deflections and bearing stresses were also compared. 
5.2 Highway Dowel Conclusions 
The calculations and evaluation of the six highway dowel types showed that none of the 
specimens failed (dowel yield or concrete failure) before the ACI Committee 325 (33) 
allowable stress was achieved. All six dowels can transfer loads of at least 5000 pounds 
without exceeding the allowable stresses. Previous research (20) has shown that 5000 
pounds is more load than a dowel will experience for a wheel load distributed to several 
dowels in a highway joint. Thus, all six dowel bars will perform adequately in highway use, 
depending upon the repeated (or fatigue) load requirements and the effects of repeated 
loading on oblonging of the dowel hole. 
The elliptical shape did help reduce bearing stresses although wider bars in general tend 
to reduce bearing stresses. Consequently, elliptical dowels that reduce bearing stresses lead 
to increased dowel deflection. However, all deflections measured were well within the 
required magnitude to maintain rider comfort on highways. The benefit of lower bearing 
stresses implies a lower likelihood of the oblonging of a dowel hole under repeated loading. 
Corrosion resistance is a main concern for testing alternative material such as stainless 
steel and GFRP. Neither stainless steel nor GFRP corrode, but GFRP may expand due to 
prolonged moisture exposure. More long term testing is needed for GFRP. Stainless steel is 
much more expensive than steel and GFRP (2~. GFRP is currently more expensive than 
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steel, but this may change as steel prices increase, technology is improved, and benefits of 
mass production are achieved for GFRP manufacturing. 
All six highway dowels tested are adequate for load transfer. Cost and environment are 
criteria that should be considered when choosing among these six dowel types. 
5.3 Building Slab Dowel Conclusions 
Four building slab dowel types were tested, each with and without a dowel sleeve. The 
modulus of dowel support and several other parameters were determined. The results show 
that dowels with rectangular cross sections and large widths are effective in reducing bearing 
stresses while dowels with round cross sections are effective in limiting the total deflection. 
Adding sleeves to the dowels (half of the building slab dowels tested had sleeves) 
resulted in increased deflections, reduced ko values (although a true ko value cannot be 
measured for the sleeved dowels by the theory used in this study), reduced bearing stresses, 
and reduced capacity. The deflection increases were significant, but the reduction in bearing 
stresses and capacity as compared to the non-sleeved dowels was not as significant. The 
reason the deflection increases were so significant is because the dowels have some play 
within the sleeve before the dowel/sleeve mechanism deflects into the surrounding concrete. 
The test results show that specimen depth limited capacity. For the round dowel, the 6-
inch deep specimens failed at half the load the 12-inch specimens failed at. However, a 6-
inch slab depth is more common for a building slab. 
All the building slab dowel types tested were able to transfer a load of at least 3000 
pounds between adjacent slabs, without any factor of safety. An appropriate factor of safety 
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should be applied, as deemed necessary by a jurisdictional authority. Slab thickness, dowel 
spacing, and dowel cost should all be considered when selecting among these four dowels. 
5.4 Behavioral Conclusions 
The following behavioral conclusions can be made from the tests: 
• As flexural rigidity increases, ko increases and bearing stresses increase 
• As dowel width increases, ko decreases and bearing stresses decrease 
• Larger deflections correspond to lower ko values and lower bearing stresses 
• Adding sleeves to dowels reduces bearing stresses 
• Adding sleeves to dowels increases deflection 
• Different j Dint widths do not provide definitive changes to k~ 
5.5 General Conclusions 
The purpose of studying the elliptical dowels and GFRP dowels is to determine whether 
they are a viable alternative to round steel dowels typically found in highway j Dints. The 
results of this study show that elliptically-shaped dowels do reduce bearing stresses at the 
dowel-concrete interface. The study also shows that GFRP dowels have load transfer 
capacities nearly as large as the steel and stainless steel dowels studied. However, the 
deflections measured for the elliptical dowels and GFRP dowels were greater than for round 
steel dowels. But the deflections measured for all dowels were well within the recommended 
maximum deflection (2 ~ to ensure "rider comfort" for vehicles traversing the joint. The 
laboratory investigation suggests that there is merit in using elliptical dowels and GFRP 
dowels as an alternative to round steel dowels; however, testing of long-term fatigue 
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characteristics and environmental effects on the elliptical dowels and GFRP dowels should 
be performed. 
5.6 Recommendations for Future Research 
Continued research on the parametric effects ofdowel-concrete behavior is needed. As 
new dowels are introduced and as more effective test methods are developed (20), more 
testing will be needed to help determine the most efficient dowel for a specific need. Future 
research needs include: 
• Effects of wider joints, such as those used for contraction, e.g. 1-inch or more 
• Effects of repeated loading (fatigue testing) on the oblonging of dowel holes, 
especially for alternative dowels such as elliptically-shaped dowels and GFRP dowels 
• Effects of repeated loading on dowel sleeves 
• Long-term evaluation of FRP in pavement structures 
o Effects of repeated loading 
o Effects of environment 
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APPENDIX A. HIGHWAY DOWEL MODULUS OF DOWEL SUPPORT VS. LOAD 
DIAGRAMS 
Figures A.1 through A.36 show ko vs. load plots for all 18 modified AASHTO T253 series of 
specimens where ko is determined as described in Chapter 3. There are three specimens for 
each series (54 specimens total) and two dowels per specimen for a total of six plots per 
figure. Each series has two plots: one with unadjusted loading and one with adjusted loading 
(see Section 4.1). The dowels are broken down by specimen number and specimen 
orientation (east or west). 
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ko vs. Load (Unadjusted) -1.5" Diameter Steel - 0" Joint 
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Figure A.l. ko plots, round steel, 0-inch joint, unadjusted loads 
ko vs. Load (Adjusted) - 1.5" Diameter Steel - 0" Joint 
Note: There was no consistent trend 
due to the load-exaggerating nature 
of the cold-joint specimens 
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Figure A.2. ko plots, round steel, 0-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) - 1.5" Diameter Steel -1/8" Joint 
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Figure A.3. ko plots, round steel, 1/8-inch joint, unadjusted loads 
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Figure A.4. ko plots, round steel, 1/8-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) - 1.5" Diameter Steel - 1/2" Joint 
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Figure A.S. ko plots, round steel, 1/2-inch joint, unadjusted loads 
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Figure A.6. ko plots, round steel, 1/2-inch joint, adjusted loads 
—O— East1 
--~—West 1 
—~— East2 
—~E— W est2 
—~- East3 
—O— West3 
-~ East1 
—~— W est 1 
~- East2 
—~- W est2 
—~I~ East3 
--o— W est3 
53 
ko vs. Load (Unadjusted) -Large Elliptical Steel - 0" Joint 
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Figure A.7. ko plots, large elliptical steel, 0-inch joint, unadjusted loads 
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Figure A.B. ko plots, large elliptical steel, 0-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) -Large Elliptical Steel - 1/8" Joint 
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Figure A.9. ko plots, large elliptical steel, 1/8-inch joint, unadjusted loads 
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Figure A.10. ko plots, large elliptical steel, 1/8-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) -Large Elliptical Steel - 1/2" Joint 
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Figure A.11. ko plots, large elliptical steel, 1/2-inch joint, unadjusted loads 
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Figure A.12. ko plots, large elliptical steel, 1/2-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) -Small Elliptical Steel - 0" Joint 
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Figure A.13. ko plots, small elliptical steel, 0-inch joint, unadjusted loads 
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Figure A.14. ko plots, small elliptical steel, 0-inch joint, adjusted loads 
57 
ko vs. Load (Unadjusted) -Small Elliptical Steel - 1/8" Joint 
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Figure A.15. ko plots, small elliptical steel, 1/8-inch joint, unadjusted loads 
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Figure A.16. ko plots, small elliptical steel, 1/8-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) -Small Elliptical Steel - 1/2" Joint 
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Figure A.17. ko plots, small elliptical steel, 1/2-inch joint, unadjusted loads 
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Figure A.18. ko plots, small elliptical steel, 1/2-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) - 1.5" Diameter Stainless Steel - 0" Joint 
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Figure A.19. ko plots, round stainless steel, 0-inch joint, unadjusted loads 
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Figure A.20. ko plots, round stainless steel, 0-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) - 1.5" Diameter Stainless Steel - 1/8" Joint 
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Figure A.21. ko plots, round stainless steel, 1/8-inch joint, unadjusted loads 
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Figure A.22. ko plots, round stainless steel, 1/8-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) - 1.5" Diameter Stainless Steel - 1/2" Joint 
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Figure A.23. ko plots, round stainless steel, 1/2-inch joint, unadjusted loads 
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Figure A.24. ko plots, round stainless steel, 1/2-inch joint, adjusted loads 
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ko vs. Load (iJnadjusted) -1.875" Diameter FRP - 0" Joint 
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Figure A.25. ko plots, round GFRP, 0-inch joint, unadjusted loads 
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Figure A.26. ko plots, round GFRP, 0-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) - 1.875" Diameter FRP -1/8" Joint 
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Figure A.27. ko plots, round GFRP, 1/8-inch joint, unadjusted loads 
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Figure A.28. ko plots, round GFRP, 1/8-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) - 1.875" Diameter FRP - 1/2" Joint 
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Figure A.29. ko plots, round GFRP, 1/2-inch joint, unadjusted loads 
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Figure A.30. ko plots, round GFRP, 1/2-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) -Elliptical FRP - 0" Joint 
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Figure A.31. ko plots, elliptical GFRP, 0-inch joint, unadjusted loads 
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Figure A.32. ko plots, elliptical GFRP, 0-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) -Elliptical FRP - 1/8" Joint 
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Figure A.33. ko plots, elliptical GFRP, 1/8-inch joint, unadjusted loads 
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Figure A.34. ko plots, elliptical GFRP, 1/S-inch joint, adjusted loads 
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ko vs. Load (Unadjusted) -Elliptical FRP - 1/2" Joint 
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Figure A.35. ko plots, elliptical GFRP, 1/2-inch joint, unadjusted loads 
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Figure A.36. ko plots, elliptical GFRP, 1/2-inch joint, adjusted loads 
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APPENDIX B. BUILDING SLAB DOWEL MODULUS OF DOWEL SUPPORT VS. 
LOAD DIAGRAMS 
Figures B.1 through B.20 show k~ vs. load plots for all 10 building slab dowel series of 
specimens where k~ is determined as described in Chapter 3. There are three specimens for 
each series (30 specimens total) and two dowels per specimen for a total of six plots per 
figure. Each series has two plots: one with unadjusted loading and one with adjusted loading 
(see Section 4.1). The dowels are broken down by specimen number and specimen 
orientation (east or west). 
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ko vs. Load (Unadjusted) -Square Plate 
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Figure B.1. ko plots, square plate, unadjusted loads 
ko vs. Load (Adjusted) -Square Plate 
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Figure B.2. ko plots, square plate, adjusted loads 
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ko vs. Load (Unadjusted) -Square Plate w/Sleeve 
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Figure B.3. ko plots, square plate w/sleeve, unadjusted loads 
ko vs. Load (Adjusted) -Square Plate w/Sleeve 
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Figure 8.4. ko plots, square plate w/sleeve, adjusted loads 
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ko vs. Load (Unadjusted) -Diamond Plate 
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Figure B.S. ko plots, diamond plate, unadjusted loads 
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Figure B.6. ko plots, diamond plate, adjusted loads 
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ko vs. Load (Unadjusted) -Diamond Plate w/Sleeve 
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Figure B.7. ko plots, diamond plate w/sleeve, unadjusted loads 
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Figure B.8. ko plots, diamond plate w/sleeve, adjusted loads 
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ko vs. Load (Unadjusted) -Rectangular Plate 
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Figure B.9. ko plots, rectangular plate, unadjusted loads 
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Figure 8.10. ko plots, rectangular plate, adjusted loads 
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ko vs. Load (Unadjusted) -Rectangular Plate w/Sleeve 
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Figure B.11. ko plots, rectangular plate w/sleeve, unadjusted loads 
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Figure B.12. ko plots, rectangular plate w/sleeve, adjusted loads 
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Figure B.13. ko plots, round bar, unadjusted loads 
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Figure 8.14. ko plots, round bar, adjusted loads 
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ko vs. Load (Unadjusted) -Round Bar w/Sleeve 
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Figure B.15. ko plots, round bar w/sleeve, unadjusted loads 
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Figure B.16. ko plots, round bar w/sleeve, adjusted loads 
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Figure B.17. ko plots, round bar (12-inch deep specimen), unadjusted loads 
ko vs. Load (Adjusted) -Round Bar 
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Figure B.18. ko plots, round bar (12-inch deep specimen), adjusted loads 
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ko vs. Load (Unadjusted) -Round Bar w/Sleeve 
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Figure B.19. ko plots, round bar w/sleeve (12-inch deep specimen), unadjusted loads 
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Figure B.20. ko plots, round bar w/sleeve (12-inch deep specimen), adjusted loads 
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APPENDIX C. HIGHWAY DOWEL MOMENT DIAGRAMS: 
THEORETICAL AND STRAIN-GAGE MEASURED 
Figures C.1 through C.16 show moments along the length of the dowel. Each figure contains 
two moment graphs: the measured moment and the theoretical moment. The measured 
moment is the moment calculated from the strain gages (see Section 3.4) where the 
magnitude of the strains at the top and bottom of the dowel at a point are averaged and the 
average strain is used to calculate the moment. The theoretical moment is the moment from 
Timoshenko's theory (23) shown in Equation 3.10. All the moment curves' signs (positive 
or negative moment) have been adjusted to show uniformity among the figures. 
80 
1.5" Diameter Steel -1 /2" Joint -East Dowel 
.~ 
~ -4000 
c 
O 
~ -6000 
t 
U 
::. 
}• -8000 
~ -10000 
Mo
me
nt
 (i
nc
h p
ou
nd
s)
 
Distance along dowel (inches) 
-O-Measured Moment -a-Theoretical Moment 
Figure C.1. Theoretical and measured moments, round steel specimen, east 
dowel, 1/2-inch joint 
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Figure C.2. Theoretical and measured moments, round steel specimen, west 
dowel, 1/2-inch joint 
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Figure C.3. Theoretical and measured moments, round steel specimen, east 
dowel, 0-inch joint 
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Figure C.4. Theoretical and measured moments, round steel specimen, west 
dowel, 0-inch joint 
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Large Elliptical Steel - 1/2" Joint -East Dowel 
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Figure C.S. Theoretical and measured moments, large elliptical steel specimen, 
east dowel, 1/2-inch joint 
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Figure C.6. Theoretical and measured moments, large elliptical steel specimen, 
west dowel, 1/2-inch joint 
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Small Elliptical Steel - 1/2" Joint -East Dowel 
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Figure C.7. Theoretical and measured moments, small elliptical steel specimen, 
east dowel, 1/2-inch joint 
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Figure C.B. Theoretical and measured moments, small elliptical steel specimen, 
west dowel, 1/2-inch joint 
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1.5" Diameter Stainless Steel -1/8" Joint -East Dowel 
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Figure C.9. Theoretical and measured moments, round stainless steel 
specimen, east dowel, 1/8-inch joint 
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Figure C.10. Theoretical and measured moments, round stainless steel 
specimen, west dowel, 1/8-inch joint 
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Figure C.11. Theoretical and measured moments, round GFRP specimen, east 
dowel, 0-inch joint 
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Figure C.1Z. Theoretical and measured moments, round GFRP specimen, west 
dowel, 0-inch joint 
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Figure C.13. Theoretical and measured moments, round GFRP specimen, east 
dowel, 1/8-inch joint 
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Figure C.14. Theoretical and measured moments, round GFRP specimen, west 
dowel, 1/8-inch joint 
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Figure C.15. Theoretical and measured moments, elliptical GFRP specimen, 
east dowel, 1/8-inch joint 
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Figure C.16. Theoretical and measured moments, elliptical GFRP specimen, 
west dowel, 1/8-inch joint 
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APPENDIX D. HIGHWAY DOWEL DISPLACEMENT DIAGRAMS: 
TI~EORETICAL AND OBSERVED 
Figures D.1 through D.8 show the theoretical displacement of the dowel along the length of 
the dowel and the observed displacement at the face of the joint, y~~. The theoretical 
displacement is from Timoshenko's theory (23) as shown in Equation 3.9. The observed y~ 
is the yo calculated for the same load used to plot the theoretical displacement curve. 
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Figure D.1. Theoretical displacement of round steel dowel, 0-inch joint 
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Figure D.2. Theoretical displacement of round steel dowel, 1/2-inch joint 
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Large Elliptical Steel - 1/2" Joint 
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Figure D.3. Theoretical displacement of large elliptical steel dowel, 1/2-inch joint 
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Figure D.4. Theoretical displacement of small elliptical steel dowel, 1/2-inch joint 
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Figure D.S. Theoretical displacement of round stainless steel dowel, 1/8-inch joint 
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Figure D.6. Theoretical displacement of round GFRP dowel, 0-inch joint 
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Figure D.7. Theoretical displacement of round GFRP dowel, 1/8-inch joint 
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